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Catalysts based on rare-earth elements (REEs), reported in the second half of the twentieth century, proved to be a breakthrough in the field of stereoregular cis-1,4-polydiene synthesis. The most effective catalytic systems were those containing neodymium. At present they are being widely used in industrial processes. However, in spite of all the advantages of neodymium catalysts, their large-scale introduction in isoprene rubber production at Russian enterprises has been held back by the high cost of the rare-earth raw material. Therefore, the search for cheaper REE-based catalytic systems that will make it possible to produce an isoprene rubber with equivalent or superior mechanical properties to "neodymium" rubber remains urgent. This work is devoted to an investigation of isoprene polymerisation with catalysts based on gadolinium -an element of the lanthanoid group, which can meet the indicated requirements.
Neodymium 2-ethylhexyl phosphate (NdA 3 ), gadolinium 2-ethylhexyl phosphate (GdA 3 ), and gadolinium neodecanoate (GdND 3 ) were synthesised by a single-stage method from REE oxides and the corresponding acid in hexane [1], and gadolinium and neodymium isopropanol solvates were synthesised in accordance with a method described elsewhere [2] . Catalysts based on gadolinium 2-ethylhexyl phosphate or gadolinium neodecanoate were prepared in an argon atmosphere by the mixing at room temperature of solutions of salts of gadolinium, diisobutylaluminium chloride (DIBAH), triisobutyl aluminium (TIBA), or diisobutylaluminium hydride (DIBAH), with subsequent holding at 20-25°C for 24 h. Under similar conditions, a catalyst containing gadolinium chloride isopropanol solvate and triisobutylaluminium was synthesised, and also catalysts containing neodymium, which were used for comparison. Polymerisation was carried out in preheated and dry-argon-filled ampoules. A solution of isoprene in isopentane with a concentration of 15 wt% was charged into the ampoules. They were heated at 50°C, and the catalyst was then fed. The monomer:REE molar ratio was kept equal to 5000:1 or 10 000:1, depending on the activity of the catalyst.
The molecular weight distribution (MWD) of polyisoprene was characterised by gel permeation chromatography using a Waters 200 liquid chromatograph calibrated to standard polystyrene specimens. Toluene was used as the eluent. The microstructure of the polymers was assessed from IR spectra (IR Fourier spectrophotometer), and here we confined ourselves to determining the 3,4-units, as it was established earlier that "rare-earth" cis-1,4-polyisoprene does not contain trans-1,4-units [3] [4] [5] . The number of polymer molecules formed in the polymerisation process was calculated by means of the formula:
where M 0 is the monomer concentration (mol/L), I 0 is the catalyst concentration (in terms of the rare-earth element) (mol/L), y is the monomer conversion (in fractions of unity), M n is the number-average molecular weight, and 68 is the molecular weight of isoprene. Table 1 presents the microstructure and molecular characteristics of polyisoprene at different stages of polymerisation as a function of the composition of catalysts based on gadolinium compounds. For comparison, similar parameters are given for polymers produced in the presence of catalysts based on 2-ethylhexyl phosphate and neodymium chloride. For the catalyst containing GdA 3 , a pronounced influence of the amount and nature of organoaluminium compound (OAC) in its composition on the molecular weight of the polymer can be traced. Increase in the OAC:GdA 3 molar ratio is accompanied with a reduction in the number-average molecular weight of the polyisoprene and with a considerable broadening of the molecular weight distribution curve.
The number of polymer chains in this case increases considerably. The number of macromolecules per mol of gadolinium compound also increases appreciably in the polymerisation process.
All polymers obtained with the investigated catalysts have a wide molecular weight distribution, a coefficient of polydispersity (M w /M n ) > 4, and here the nature of the MWD changes according to the OAC content. For a catalyst containing 10 mol of TIBA per mol of gadolinium compound, the graphic dependences of the MWD are unimodal. The MWD curves of the polymers obtained with TIBA:Gd molar ratios of 20 and 30 show signs of bimodality at early stages of polymerisation, and with extensive conversion of the isoprene this bimodality is retained (Figure 1) . With a DIBAH:GdA 3 molar ratio of 5, polymers with a unimodal MWD are obtained, and with a twofold or greater increase in the DIBAH content in the catalyst the MWD curves of polyisoprene are characterised by two maxima (Figure 2) . Here, a change in intensity of the maxima over the course of polymerisation can be traced -reduction in the proportion of polymer of higher molecular weight (MW) on account of the low-molecular-weight fractions. It should be pointed out that in the entire range of DIBAH:GdA 3 ratios the maximum MW value of the high-molecular-weight part of the polymer at the final stage of the process remains constant, whereas with increase in this ratio the lowmolecular peak of the MWD curve shifts gradually towards low molecular weights.
Several types of active centre of different activity and stereoselectivity take part in processes of polymerisation of dienes with catalysts based on REEs [6] . The results shown above, including the bimodality of the MWD, seem to be due to the multicentre mechanism of polymer chain growth, and also to chain transfer to the organoaluminium compound. Changes in the numberaverage molecular weight with variation in the DIBAH content in the catalyst are consistent with these ideas. The maximum level of M n of the polyisoprene is observed with a DIBAH:GdA 3 molar ratio of 5:1, and in this case the number-average molecular weight reaches values of over 200 x 10 3 and remains unchanged over the course of the polymerisation process (Figure 3) . With increase in the DIBAH content in the catalyst to 10-20 mol/mol gadolinium, the M n of the polyisoprenes decreases to (20-50) x 10 3 , which underlines the high effectiveness of diisobutylaluminium hydride as a polymer chain transfer agent. The amount of polymer chains formed reaches 6-9 mol/mol gadolinium ( Table 1) .
Polyisoprenes obtained with catalysts based on neodymium 2-ethylhexyl phosphates are noted for a narrower molecular weight distribution (M w /M n = 3.3- conversions, the amount of polymer chains does not exceed 1.3-1.4 mol/mol REE chlorides, which indicates less participation of transfer reactions in the process of polymer chain growth by comparison with the catalytic systems based on REE phosphates described above (see Table 1 ).
Polyisoprenes synthesised in the presence of Gd catalysts are characterised by a higher microstructural homogeneity by comparison with "neodymium" analogues. "Gadolinium" polymers contain half the number of 3,4-units (Tables 1 and 2) , and the number of cis-1,4-units in them amounts to 98.5-99.0%. In terms of activity, a catalytic system based on gadolinium chloride isopropanol solvate is on a par with a catalyst formed with the participation of neodymium 2-ethylhexyl phosphate, and is similar to a catalyst containing neodymium chloride solvate ( Table 2) .
Tables 1 and 2 also present data characterising the microstructure of polyisoprene produced in the presence of a catalyst based on gadolinium neodecanoate. This catalyst is characterised by a high level of stereoselectivity -the content of 3,4-units in the polymer does not exceed 1.3-1.4%. At the same time, in terms of activity, it is inferior to all the catalytic systems mentioned above.
The considerable extent of the differences found in the microstructure of polyisoprenes is illustrated by the dependences of the melting temperature of the oriented crystalline phase of the polymers on the content of 3,4-units.
The melting temperature of crystals with folded chains (CFCs) and the melting temperature of crystals with unfolded chains (CUCs) of rubbers elongated by 300% at a temperature of −26°C are denoted as T m1 and T m2 respectively [7] . Data presented in Figures 4 and 5 indicate that reduction in the content of 3,4-units in the 1-3% range is accompanied with a considerable increase in the capacity of polymers for crystallisation under conditions of strain, which may be reflected in the mechanical characteristics of the studied isoprene rubbers.
Thus, catalytic systems based on gadolinium are similar in activity to catalysts based on neodymium and make it possible to produce a stereoregular isoprene rubber with a higher content of cis-1,4-units. polyisoprene, and also to S.K. Kurlyand and G.P. Petrova for investigating the orientation crystallisation and determining the melting temperatures of the crystalline phase of the rubbers.
